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1. 
I. Synopsis 
The investigation reported herein was conducted to determine 
the behavior of high-strength bolts and rivets loaded in tension. 
Static and fatigue tests were conducted on connections cut from a 
24 I 100 beam and fastened with ~our 3/4-ino high-strength bolts. The 
same type of connection was fastened with rivets for comparison purposes. 
This study shows the marked effect o~ the prestress in the 
bolts on their fatigue strength. A study was also made to determine 
when a prestressed bolt starts to pick up additional load as a tensile 
force is applied to the connection. 
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II. Introduction 
1. Object and Scope of Investigation 
There are many structural connections so loaded that the 
fasteners are required to resist direct tension. The ends of the beams 
and' girders which form :part of the system of wind-bracing in a building is 
one example of connections whichnmst be ca:pable of resisting bending 
moments. The fasteners in these connections not only have to resist shear 
but also a tensile force. The ,fasteners in some crane and trolley hangers 
must also be capable of taking direct tension loads ~ As a train moves 
across a railway bridge the stringers deflect vertically :producing a 
moment in the end connection anglesg Thus the fasteners in these 
connections angles must also resist a tension force. These are but a 
few examples of connections in which the fasteners are required to resist 
tension. 
A number of tests have been conducted on Riveted and Bolted 
structural joints in which the bolts or rivets have been required to 
resist a shearing force. However, very little data is available on high-
strength structural bolts loaded in direct tension.. Consequently, the 
investigation re:ported herein was ~lanned to study the behavior of high-
strength bolts when resisting a direct tensiono 
To study the :problem, five static and eighteen fatigue tests 
* were conducted, using 3/4-in. high-strength bolts as the fasteners. 
The test s:pecimens consisted of two short sections of a 24 I 100 beam 
* The bolts met the requirements of ASTM Designation A325: "Quenched and 
Tempered Steel Bolts and Studs with Suitable Nuts and Plain Washers. IT 
so bolted that two flanges abut. The two remaining flanges were removed 
so that the specimen might be gripped in the testing machine and the 
load applied through the web. One static and three fatigue specimens, 
using 3/4-in. rivets, were also included for comparison purposes 0 
The following variables were studied to determine their effect 
on the behavior of high-strength bolts in direct tension~ 
Ie Initial tension in the bolts, 
2. Applied load, 
3; Bolt spacing in a direction parallel to the web, and 
4. The use of non-parallel surfaces between the heads 
of the bolts and the joined memberso 
For years engineers have argued abOut the use of rivets or 
bolts in direct tension (4,5, 6,7)0** There have been arguments 
presented showing that the tension in a bolt increases immediately upon 
application of an external load and also cases presented showing that 
the bolt tensions do not change until the external load equals the total 
tension in the boltso In this study bolt elognations and strains were 
obtained to determine how the bolt tension varied when the external load 
was applied to the specimen. The strain gages on the shanks of the bolts 
also permitted the use of dynamic strain recording equipment, which could 
be used to obtain either a continuous or intermittent record of the 
strain variation in the bolts as the cyclic load was :applied in the 
repeated load testso In addition, the deflected shape of the flanges of 
** Numbers in parentheses indicate the reference number in the 
bibliography. 
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the T-sections was obtained in the static tests to help explain the 
behavior of the specimens. 
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III. Description of Specimens and Tests 
:3. Description of Specimens 
"The specimens were fabricated :from a 24-in. lOO-lb. I-beam 
as shown in Fig. 1. Two short sections were cut from the beam and one 
flange removed from each of these sections. The remaining flanges were 
then fastened so that they abut. All specimens had the same dimensions 
except specimen S-? In this specimen the bolt spacing in a direction 
parallel to the web was decreased from 5 1/2-in. to 4 1/4-tn. The 
I-sections were cut from two beams taken from the same heat in an effort 
to minimize any effect due to. variations in the material. The chemical 
compo.sition of the beam material, as determined by mill analysis, is 
given in Table 1. 
Either four 3/4-in. high-strength bolts (ASTM Designation: 
A325) o.r four 3/4-in. rivets (ASTM Designation~ .Al41) were used to. 
fasten the abutting flanges together 0 All belts were supplied by ene 
manufacturer. The bolts were 4- in. long (length under the head) and 
threaded to meet the requirements of the specif'ications for u!he Assembly 
of structural Joints Using High-Strength Steel Bolts." 
The variation in the shank diameter and major thread diameter 
was feund to. be small. Consequently, the measured diameters of O.745-ino 
for the shank and 0.737 -in. for the majer thread can be assumed to. be 
representative 0 The effective thread diameter er mean diameter is then 
given by the equatien, 
Mean Diameter = P. D. + Ro D. 2 Eq. (1) 
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. where P. D. = Pitch diameter, equal to the average of the major thread and 
root diameters, and 
R. Do = Root Diameter. 
From this relationship it is found that the efiective thread area of the bolts 
is 0.334 sq~ ino 
The washers a1.so met the requirements of ASTM A325. The measured 
thickness of the plain 'Washers was 0.142-in .. and the thickness of the beveled 
washer, on the center line of the bolt holes, was :found to be 7/16-m. or 
o.438-ino Both the bolts and washers were furnished by the same manufacturer 0 
.All holes in the flanges were drilled 13/l6-ino in diameter, except 
those holes containing bolts with strain gages mounted on the shankso These 
latter holes were dxilled 15/l6-in. in diameter to give the added cleaxance 
required for the gages and the gage leads 0 
The holes were matched d:r:illed in the two :flanges of each spec:imen 
to insure accurate aljg:mn~:nt during assembly.. Af'ter dr:illing, all contact 
surfaces 'Were cleaned and wire~brushed to remove loose mill-scale, burrs, 
and rusto 
Prior to the assembly" of the spec:i1nens, the deflection points, 
shown in Fig. 2.1 were lS\Ved out. on the .flangeso All specimens had the 
18\Yout shown in Figo 2a. except specimen 8-3. The layout of the deflection 
points of specimen 8-3 is shown in Fig. 2bG 
The tension in the bolts of all spec:il!lens, except s:pecimens F-3C, 
8-4, S-4B, and F-3D, was determined by means of the over-a.J.J. bolt elongation, 
or the bolt strains if the bolt had strain gages on the shank. All of 
the bolts of- specimen 8-2 and one bolt in specimens 8-1, 8-3, 8-4, F-lA, 
F-l:B7 F-2A, F-2B, F-3A.? F-3Bl.? and F-4Al had three strain gages mounted 
o 120 apart on the shank of' the bolt.. Torque measurements were used to 
determine the tension in the bolts of spec~ens F-3C, s~4, S-4B, and F-3Do 
This was necessary since beveled washers were not used under the heads 
of the bolts, thus permitting the bolts to bend through. an angleo 
BecaUEe of this rotation of the heads, the bolt tension determined by 
means of elongation measurements would be extremely doubtful. 
All bolted specimens had hardened beveled washers under the 
nuts. Beveled washers were also used under the heads of bolts on all 
specimens, except for specimens F-3C, F-3DJ 8-4 and 8-4B. Only plain 
hardened washers were used under the heads of the bolts of these latter 
specimens. 
After the burrs had been removed and the contact surfaces 
cleaned, the riveted specimens were aligned and assembled with temporary 
bolts. The rivets were then hand-pneumatic driven in the shop of a 
large structural steel fabricator. Project personnel were present during 
the riveting operations to witness and inspect the driving. 
40 Mechanical Properties of Bolts 
Tests of full size bolts were conducted in a 120,000 lb~ 
hydraulic testing machine to obtain information concerning the properties 
of the bolt material and to determine whether the bolts met the 
requirements of ASTM Designation A325. After the bolts were loaded to 
* 28,400 lb. (the specified elastic proof load ), the load was released 
and· the permanent set measuredo The average permanent set on four 
bolts was only O.0002-ino, well below the allowable O .. OOO5-in. After 
* The elastic proof load is that load to whic!l a bolt IDaJ1" be loaded without 
-developing a permanent set of more than O.0005-in. in the over-all length 
of the bolt. 
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o determining the permanent set, a 10 wedge was placed under the head 
and the bolt was taken to ru:pture" The average ultimate load on the 
four bolts was 46 ,840 lb. and again was well above the mininmrn specified 
load. of' 40,000 lb. All four bolts failed in the threads at the face of' 
the pull-head. Figure 3 shows the nature of these failures. A 
summary of the test results is given in Table 2. 
In addition to running the ~l size bolt tests, standard 
0·505-in. round coul?ons were cut from the 3/4-ino bolt material and 
tested in the 120,000 lb. hydraulic machine. Autographic stress-strain 
equipment was used to obtain the initial portion of the stress-strain 
relationship_ A typical curve is shown in Fig. 4. A summary of the 
test results o-btained from these coupons is given in Table 2. Figure 
3 shows the position and. nature of the fracture of the coupons. If 
0.334 sq. in .. is used as the effective area of the threads, the average 
ultimate load based on the ultimate strength of' the Oo505-in- coupons 
would be 42,380 lb., 9 .. 5 percent below the ul tilnate strength of the full 
s ize bolts. It is believed that the greater strength obtained in the 
full size bolt tests may result, in part, from the cold-working to 
which the material is subjected when threads are formed on the bolts; 
the fUll size bolt specimens broke in the threads, while all the 0.505-
in. coupons broke at a section corresponding to the untbxeaded shank. 
The load-elongation and load-torque relationships for the 
bolts were determined with a "bolt-calibrator" developed in the 
Structural Research Laboratory of the University of illinois. The 
calibrator can be adjusted for various bolt diameters and grips. 
T,ypical load-elongation and load-torque curves for bolts torqued to rupture 
are shown in Fig. 5. Failure of' the bolts occurred in the threads at the 
face of' the' nut. The bolts were held, to keep them from turnfng,both 
in the calibrator and. in the test s:pecimens 0 As can be seen in Fig. 5, 
the ultimate strength was 40,750 Ib 0 This is a 13 percent decrease in 
ultiInate strength below that of the full size bolts loaded directly 
in tens ion 0 This reduction is not as great as the 25 to 30 percent 
decrease re:ported in other similar tests (8) 0 The variation in this 
decrease of strengths may have resulted from the difference in the 
torsional:.. sti:ffuess of' the fixtures used in the two :programs., 
.All bolts having strain gages on the shank were calibrated, in 
the u ca1.ibratortf bef'ore being placed in the specimens 0 The bolts were 
loaded to 28,000 lb. and load-strain and. load-elongation curves were' 
obtained for each caIto The average initial slope of the load-elongation 
curves for the bolts torqued to rupture and those with strain gages 
-was found to be 3084 x 106 lbo/ino .All bolt tensions determined in 
terms of the elongation were based on the above constant, except 
those bolts loaded to 102 times the elastic proof' loado The bolt 
elongation for this high prestress was obtained f'rom the load-elongation 
curves 0 The tension in those bolts having strain gages ~ set on the 
basis of the load-strain relationshi:ps obtained .from the calibrations 0 
The torque used to set the tension in the bent bolts of' 
specimens 8-4, s-413, F ... 3C and F-3D was 270 lbo-fio As indicated 
on the load-torque curve in Fig. 5, this torque corresponds to a 
tension o~ 25,600 lb. per bolto 
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5· Descr~ption of Tests 
In all, six static and twenty-one fatigue tests were included 
in this .study. Five of the static test s~ecimens were fabricated with 
high-strength bolts, while the sixth contained rivets. Eighteen of the 
fatigue specimens were bolted and the remaining three were riveted. 
Static Tests - The behavior of bolts loaded statically in 
direct tension was studied by varying the ~restress in the bolts, the 
spacing of the bolts in a direction parallel to the web, and using plain 
washers instead of beveled washers under the bolt headso The prestress 
in the bolts of one specimen was set at 0.1 of the elastic proof load, 
while the bolts of the remaining specimens were set at 0.9 of the elastic 
proof load. The bolts were spaced at 5 1/2-in. in a direction parallel 
to the web in :four of the specimens; this spacing was decreased to 
4 1/4-in. in the fifth specimen to study the effect of the variation 
in spacing on the behavior of the bolts. Hardened beveled washers were 
used under the nuts on all spectmens and under the heads of the bolts 
on all specimens except S-4, and S-4B. Plain hardened washers were 
used under the heads of 8-4 and 8-4B. 
Bolt tensions were adjusted in terms of either the elongation, 
bolt strain, or torque. In all cases, the tension was applied to the 
bolts in increments of about one-third of the desired tension. The 
following order of tensioning the bolts was used for each increment: 
northeast, southwest, southeast, and finally the northwest bolt. 
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All static tests were conducted in the 600,000 lb. screw type 
testing machine shown in Fig. 6. The bolted specimens were assembled 
before being placed in the machine. Before any load was applied to the' 
specimens, a complete set of elongation, strain, and flange deflection 
readings were taken. The bolts in the pull heads were then tightened 
after a small load had been applied to the specimen. Since each pull 
head contains a pin connection, eccentricity in the specimen is reduced 
to a min:irnu.m upon application of' this load. Figure 7 shows specimen 
S-l before the test was started. Load was applied to the specimens at 
a rate of 0.05 in. per minute during the loading increments. Approximately-
15 increments of load were applied be.fore failure 0 Strain, elongation', 
and £lange deflection readings were taken after each loading increment. 
The average time required to complete a test was about 3 hours·. 
One riveted specimen, having the same dimensions as the bolted 
joints, was tested statically. This test, in general, was conducted 
in the same manner as the tests of the bolted specimens~ 
Fatigue Tests - The behavior of' the high-strength bolts 
under repeated loadings 1fas studied in tests in which the prestress 
in the bolts, the applied load and the type of' washer were varied. The 
prestress in the bolts was varied between 0.1 and 1.2 times the elastic 
proof load, while the applied load was either 0.47, 0.6, or 0.9 of the 
elastic proof load. Various combinations of these prestresses and 
applied loads were used to study their ef.fect on the fatigue life of 
the bolts. Hardened beveled washers were used under the nuts on all 
bolted specimens. All specimens, except P-3C and F-3D, had beveled 
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washers under the heads of the bolts. Specimens F-3C and F-3D were 
assembled with plain hardened washers under the head. Consequently, 
the bolts in these specimens were bent tb.J.:'ough an angle when the bolt 
tension was a:p:pliedo 
The fatigue tests were conducted in the 200,000 lb. fatigue 
testing machines shown in Fig. 8. The first specimen was assembled 
before it was placed in the machine; all other specimens were bolted 
without removing the T-sections from the machine. Because of the 
greater strength and stiffness of the T-sections as compared to the 
bolts, it was possible to use the same sections for all fatigue 
tests of the bolts, changing only the bolts, nuts, and washers after 
a failure occurred" 
The same methods were used to set the tensions in the bolts 
of the fatigue-test specimens as were used for the bolts of the static-
test specimens. 
Before the specimens were bolted into the fatigue machine 
and after the prestress had been set in the bolts, a complete set of 
bolt elongation, flange deflection and bolt strain readings were 
taken. A small tension was then applied to the specimen, before it 
was bolted in the machine, to reduce to a minimum the eccentricity 
of the applied load.. In setting the external load, care was taken 
to insure that the specimens were not overloaded. The stress cycles 
provided pulsating loads which always varied from zero to a maximum 
tension. 
After the external load had been set, the bolt tensions were 
checked and reset if' there was any loss in tension. The bolts lost their 
tension by having the whole bolt assembly slide down the flanges when 
the load was applied. As much as 50 percent of the initial bolt tension 
was lost when the original prestress was 0.1 of the elastic proof load, 
while only 2 percent was lost for a prestress 1.2 times the elastic 
proof load.. No .further changes were made in the bolt tensions after 
the machine had been started and the cyclic load was being applied, 
even though the tension might have decreased further. It was felt 
that this would be the condition in an actual field connection. 
Readings of the bolt elongations, bolt· strains, and flange 
deflections were taken at frequent intervals during the life of the 
specimens. Any abrupt change in any of the readings usually indicated 
that a crack had developed in the bolts and failure was imminent. 
Figures 9 and 10 show the equipment used to measure the flange deflections 
and bolt elongations. 
* Dynamic strain recording equipment, see Fig. 10, was used 
to obtain either an intermittent or continuous record of the variation 
in the average strain on the shank of the boltso For comparison, static 
strain readings were taken on an SR-4 strain indicator; close agreement 
was found between the strains obtained statically and dynamically. 
At the start of the fatigue tests the loading cycle in the 
fatigue machine was applied statically and strain readings and bolt 
elongations were taken to supplement the information obtained in the 
static tests. 
* Sanborn Industrial Recorder Model 127 
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Three riveted specimens with the same dimensions as the 
bolted specimens were tested in fatigue in order to obtain a comparison 
of the behavior of bolts and rivets in this type of connection. 
15· 
IV . Results and Analys is of Tests 
6. static Tests 
The maximum or ultimate loads carried by the static specimens 
are sunrrnarized in Table 3. If we use specimen S-2 as the base, it can 
be seen that decreasing the prestress fram 0.9 to 0.1 of the elastic 
proof load caused an increase in ultimate strength of only 2 percent. 
This small change in ultimate strength resulting from a relatively 
large change in prestress load inclicates that the amount of prestress 
in a bolt has little, if any, effect on the ultimate strength. Changing 
the spacing of the bolts in a direction parallel to the web} fram 
5 1!2-in. to 4 1!4-in., decreased the ultimate strength by only 1 percent. 
This change in spacing is not large, but the change in ultimate strength 
is so small that it may be concluded that small changes in the spacing 
of the bolts in a direction parallel to the web have no effect on the 
ultimate strength. The greatest change in ultimate strength occurred 
when the beveled washers under the heads o.f the bolts were replaced 
by plain hardened 1fashers, the ultimate strength, in this case, 
was increased by approximately 8 percent. 
Some eccentricity of loading was noted in the test of 
specimen 8-4. Consequently, a duplicate test, 8-4B, 1{as added for 
a comparison. The behavior of specimen S-4B gave no indication of 
any eccentricityo It may be noted in the table that the difference 
in the ultimate strength of the two specimens, 8-4 and S-4B, was 
approximately 3 percent. 
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The most significant fact obtained from the ultimate strengths 
of the ~olted specimens is the decrease in ultimate strength of the 
bolts in the connections compared to the ultimate strength obtained 
from direct tension tests of the bolts.. On the basis of the direct 
tension tests, the ultimate load on these specimens could have been 
expected to reach approximately 187,000 lb. The decrease in the 
amount of applied load to rupture may have been caused by the prying 
action in the connections resulting fram the compression force at 
the f'lange toes. As long as the flanges are in contact, the sum of 
the f'our bolt loads will always be greater than the applied load 
because of this prying action of the flangeso 
The ult:iJDa.te load carried by the riveted specimen was 
considerably lower than that by the bolted specimenso The flanges 
of specimen S-5 separated completely prior to failure, thus the sum 
of the four rivet loads equals the total applied load" Taking one 
fourth of the total load at rupture, and using the area of the rivet 
before driving, one obtains an average ultimate stress of 67,900 psi. 
The ultimate stress reported for rivets in direct tension as given 
in a report by T. Ro Higgins and WO Eo Munse (3) was 68,300 psi, 
based on the nominal area" This latter value is for a failure in the 
shank of the rivet, while the value reported in these tests is for 
failure just under the rivet headso 
All straight bolts failed in the threads, but the nature 
of the failure was not consistent 0 Some of the bolts failed on a 
plane perpendicular to the axis of the bolt, while others failed on 
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a plane making an angle of approximately 45 0 with the axis of' the bolt. 
Figure II shows the bolts taken from the static specimens after failure. 
In the figure" the bolts for each specimen are arranged in the follo1-Ting 
order, reading from lef't to right: northwest, northeast, southwest, 
and southeast. As can be seen in the figure, the northwest bolt of 
spec:iJnen s-4 did not fail. The angle between the head and nut of 
this bolt is roughly 150 • Figure 12 shows specimen s-4 before the 
northwest bolt was removed. 
Figure 13 sh01{S the nature of the failures in the rivets 
o.f the riveted specimen. The manufactured heads of the northwest 
and northeast rivets popped off at 120,000 lb. Neither of the rivets 
on the south .flange .failed. However, cracks were found under the 
heads of' the south rivets after they had been removed from the flanges. 
Flange separations (See Fig. 14 for the separation of' the 
riveted specimen at 120,000 lb.) were measured" using a gage reading 
to o. OOl-in., and are plotted in Fig. 15. The curves show the 
separation of the flanges on sections perpendicular to the web as the 
external load was increased from zero to the last increment of load. 
prior to failure. Since the measurements represent the opening of the 
.flanges, the curves actually show twice the def'lected shape of one 
flange. 
The shape of the separation curves shows that, in general, 
the flanges pivot about some point outside the bolt lines, requiring 
the bolts to resist not only the applied load but also the compression 
force on the toes. In other words, the average axial tension in the 
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bolts is greater than the applied load divided by the area o~ the section 
of the bolts, because of the toe pressure. The flanges rotate about 
the web flange junction in a manner similar to a simple beam with the 
load being applied at the center of the beam. 
As the prestress in the bolts is decreased, the amount of 
load required to separate the flanges decreases and the separation at 
the center of the flanges at failure increases. The prestress in the 
bolts of specimen S-l was 0.1 of the elastic proof load, while the 
prestress in 8-2 was 0.9. A' comparison of the separation of the 
separation curves of these two specimens, see Figs. 15a and l5b, shows 
that specimen 8-1 had a measurable movement between the de~lection 
gage points at a load of 20,000 lb., but it took approximately 
80,000 lb. to produce any significant separation in specimen 8-2. 
Further comparisons of specimens 8-1 and 8-2 show that the final 
separation of 8-1 was approximately 60 percent greater than that 
of 8-2; the only difference in the test specimens 8-1 and 8-2 was 
the amount of prestress. 
The change in the spacing of the bolts in a direction 
parallel to the web, from 5 l/2-in. to 4 1/4-in., only slightly 
af~ected the deflected shape of the flanges. Figures l5b and l5c 
show that the deflected shapes of specimens 8-2 and 8-3 were 
approximately the same. 
Plain flat hardened washers were used under the heads of 
the bolts of specimen S-4, while beveled washers were used under the 
heads of the bolts on all the other specimens. The effect of bending 
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the bolts in specimen 8-4, because of the use of the plain washers, 
changed the deflected shape considerably 0 The flanges separated 
completelY, except for the northeast corner, at a load of 70,000 lb. 
The £langes of specimen 8-2, with the same spacing and prestress in 
the bolts as those in 8-4, st8¥ed in contact throughout the entire 
test. The deflections of specimen 8-4 were 15 to 20 times as great 
as those of specimen 8-2 at a load of 80,000 lb. This ratio decreased 
rapidly as the external load was increased, being between 4 and 505 
at 100,000 lb. and. only 1.5 to 2.2 at 140,000 lb. 
The deflected shape of the riveted specimen was quite 
different than any obtained £'rom the bolted specimens. Up to an 
external load of 70,000 or 80,000 1bo the separation curves resemble 
those of specimen 8-4. After 80,000 1b . there was a considerable 
separation of the flangeso The final separation of the flanges was 
about 5 times that obtained from the bolted specimens. Figure 14 
shows the separation of the flanges after the load had reached 
120,000 Ib" The measured separation at the toes of the flanges was 
7 /16-in. before the rivets in the south flange ruptured. The original 
grip was 1 3/4-in., so that the separation resulted in an elongation 
of the rivets of at least 25 percent before failure. 
The flanges of specimen 8-1 separated completely at a load 
just over 100, 000 lb. However, from the change in the shape of the 
separation curves, it can be concluded that the flange material 
yielded at approximately 120,000 lbo, thereby causing the corners 
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of the flanges to come back into contact. The increase in rate of 
separation of the flanges near the web-flange junction of specimen 
8-2, without much change in the separation at the toes, for a load 
between 120,000 and 129,000 lb., indicates that the flange material 
probably yielded at the web-flange junction at this load. The same 
behavior was noted for specimen 8-3; there was an increase in the 
rate of separation near the web-flange junction for loads between 
120,000 and 130,000 Ibo Specimens 8-4 differed in its behavior 
when compared with the other bolted specimens. For this latter 
specimen there was an increase in the rate of separation of practically 
all of the gage points at a load between 70,000 and 80,000 lb. This 
type of change in deflection would indicate that the bolts had 
yielded and not the flange material. It should be remembered that 
the bolts of specimen 8-4 were bent and not only resisted an axial 
load but also considerably more bending moment than the bolts in 
the other specimens. It is probably that the external load required 
to cause these bolts to yield is less than that required to cause 
the ~langes to yield. However, the flanges yielded before the bolts 
failed. The shape of the separation curves of' specimen 8-5 clearly 
indicates that the rivet material had yielded at a load between 
80,000 and 90,000 lb. 
The separation curves in Fig. 15 show that the shape and 
magnitude of the separations are approximately the same for any section 
passed perpendicular to the web of a specimen. Thus, Fig. 16, in 
which the average separation on row E at rows 1 and 5 for the north 
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and south flanges is plotted against the total applied load, can be 
assumed to represent the variation in the separations at any of the 
points along row E. The average curves for specimens 8-2 and 8-3 are 
practically identical. The curve for specimen 8-5, the riveted 
connection, resembles the curve for the specimen with the bent bolts. 
The amount of load required to cause a separation of the flanges 
for a prestress of 0.9 of the elastic proof load decreased if the 
bolts were bent. 
There is a linear relationship in Fig. 16 between the 
applied load and separations for specimen 8-1 until the load reaches 
100,000 lb. The low prestress in the bolts of specimen 8-1 allowed 
the flanges to separate at a constant rate by a uniform elongation 
of the bolts with application of load. The shape of the curve for 
specimen 8-1 is similar to the load-elongation curve obtained for 
the bolts; both curves begin to become non-linear at approximately 
27,000 lb. per bolt. 
Figure 17a shows the shape of the separation curves for 
spec:ilD.en 8-2 on sections parallel to the web 0 The curvature in the 
direction parallel to the web decreased for the sections closer to 
the web because of the stiffening effect of the web. As has been 
shown in Fig. 15b, the deflections increased for the sections from 
the toe to the web of the I-beam. 
Figure 17b shows the separation of the flanges of specimen 
8-3 .t>or sections in a direction parallel to the web. The shape of the 
separation curve is changed somewhat when the spacing of the bolts 
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in a direction parallel to the web is changed from 5 1/2-in. to 4 1/4-in. 
However) the change in spacing does not seem to have any appreciable effect 
on the magnitude of the separations 0 
The change in the average strain on the shank of the bolts, as 
load was applied to the specimens, is plotted in Figs. l8a and 1& 0 
The average strain was obtained in the tests by taking individual strain 
readings on the SR-4 gages, mounted 1200 apart, with an SR-4 strain 
. Indicator and then averaging the results 0 The strain plotted is only 
the additional strain resulting from the external loading and does 
not include the original average strain from the prestressingo 
As can be seen in Figs. l8a and 1& the· amount of load required 
to cause an increase in the strain decreased as the amount of prestress 
decreased. The break or kilee in the curves occurs at successively higher 
loads as the prestress increasesc This break in the curves undoubtedly 
would be affected by the relative stiffnesses of the connected members 
and the bolts. If the flanges were infinitely stif'f, as compared to 
the bolts, the bolts would pick up additional load only after the 
external load nearly equaled the initial prestress 0 The amount of 
applied load. required to cause an increase in the bolt strains would 
decrease as the sti:ffness of the j ained members decreased 0 The 
relative stiffness of the connected members and the bolts USed in 
these tests is not infinite; Figo l8a shows that the bolts of 
specimen S-3 started picking up additional strain at a load equal to 
approximately 58 percent· of the total initial prestress. 
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The stif'fness of the joined members was not varied in these 
tests. However , it is thought that before our knowledge of the behavior 
of bolts in tension is complete, a study must be made to determine how 
the stiffness of the connected members affects the variation in the 
bolt loads. The stiffness of the T-sections used in these tests is 
relatively high and still the bolts pick up additional load at an 
applied load equal to approximately half the prestress in the bolts. 
The stiffness of many connected members will be less than that of 
these test specimens and undoubtedly would cause the bolts to pick 
up additional load at even smaller applied loads than were obtained 
in these tests. 
The elongations of the bolts of' specimens 8-1, 8-2, and 
S-3 and the elongation of the rivets of specimen 8-5 were measur~d 
during the static tests. The elongations of the bolts of specimen 
s-4 were not measured since the bolts were bent when they were 
prestressed. Figure 19 shows how the bolts elongate as external 
load is applied to the specimens. The initial breaks in the 
elongation curves (and also the load-strain curves of' Fig. 18.) show 
the point at which the bolts and rivets picked up additional load. 
From the average strain-gage readings and the bolt modulus 
obtained in the calibration of each individual bolt, the stress 
on the shank of the bolts was computed. The area of the shank was 
taken as 0.436 sq. in. for all bolts. Af'ter calculating the total 
load on the bolt, the stress on the effective bolt area was computed 
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using 0.334 sq. in. as the effective area. This effective bolt area 
stress for each bolt with strain gages is ~lotted in Fig. 20 against 
the nominal applied load on the bolts. As can be seen in the f'igure, 
curves are plotted for both the static and fatigue s~ecimens. 
Specimen F-2Al had a nominal prestress of 0.6 of the elastic 
proof' load, but as can be seen in Fig. 20, the specimen had lost 
bolt tension until the prestress in the bolts had dropped to 
approximately 0.37 of' the elastic ~roof' 10000 This 10s6 occurred 
as the load was adjusted in the fatigue machineo The loss in bolt 
tension resulted as the bolt assembly slid down the flanges. A loss 
of bolt tension was noted in practically all of' the fatigue specimens. 
If the loss occurred during the setting of the external load and 
before the fatigue machine was staxted, the tension was readjusted 
in the bolts. After the fatigue machine was started no fUrther 
adjustments were made in the bolt tensions. There seemed to be a 
greater tendency to lose initial bolt tension as the prestress 
decreased. However, specimen F-4A1, nomjnal prestress of' IG2 times 
the elastic proof' load, lost bolt tension until the final prestress 
was approximately 0.93 times the elastic ~roof' load 0 The loss in 
the initial tensions of' the other bolts prestressed to 102 times the 
elastic proof' load was only about 1 percent. 
It might "also be noted that the curves for specimens F-3Bl 
and F-3B2 start out from an equivalent prestress of' approximately 
0.93 times the elastic proof load. The bolts for these specimens 
were actually prestressed to 0.9 of' the elastic proof' load, but 
because the applied load had produced some plastic deformation, the 
strain readings or bolt elongations indicate an apparent increase 
in the prestress. In setting the external load on a £atigue specimen, 
the machine must be turned over by hand a number of times 0 In turning 
the machine over by hand the bolts were taken up beyond the elastic 
proof load, so that when the load was returned to zero there was a 
set in the bolts causing the strain or elongations to be higher than 
when the prestress had been seto Readings of the strains or bolt 
elongations were taken in conjunction with the actual applied load 
after the range of the external load was set 0 " 
No strain gages were used on the bolts o£ specimen F-3B2, 
there£ore the bolt stress variation had to be obtained £rom bolt 
elongations. strain-gage read.ings were used to obtain the bolt 
strains £or specimen F-3Bl and, as can be seen" in Fig .. 20, there is 
good agreement between the two methods of obtaining the stress 
variation. 
There are no sharp breaks in the curves of the bolts 
for which the prestress was 102 times the elastic proof load, (see 
Fig. 20) indicating that the applied load was not high enough to 
overcome the prestress in the bolts in the same manner as found 
at the lower prestresses. However, there was a slight increase 
in bolt stress for an applied load of 14,000 lbo per bolt or more . 
.All curves of Fig. 20 seem to be in good agreement except 
£or s:pecimen 8-2. A straight line can be drawn through the lmees 
of all of the curves except specimen S-20 The only dif£erence 
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between specimen 8-2 and the other specimens ,is that all of the holes 
of s~ecimen 8-2 were made 1/8-in~ oversize to· give the required 
clearance for the strain gages on the shanks of the bolts. This may 
account in part for the different behavior of the connectiono 
A study has been made to determine the rela.tionship between 
the break in the curves of Figo 20 and the prestress in the boltso 
Figure 21 shows the results of this stud.y~ The ratio of the applied 
load at the break in the loading curve to the prestress load has been 
plotted against the ratio of prestress load to elastic proof loado 
.All :points except F-lB and 8-2 seem to be in good agreement; averaging 
the results gives us a critical value of 0055 for the ratio of applied 
load to prestress load e This would mean that if the applied load 
were kept below 55 percent of the prestress, there would, in general, 
be no increase in the bolt stress 0 This 55 percent value must be 
considered to be only representative for these test specimens, or 
their equivalent, because as was stated before, the relative stiffness 
of the connected members and the bolts would undoubtedly affect the 
amount of' load required to cause the break in the loading curves 0 
7 0 Fatigue Tests 
A summary of' the results of' the fatigue tests is presented 
in Table 4. The prestress given in the table is the nominal tension 
applied to the bolts before the tests were started 0 The actual prestress, 
as has been noted before, might be less than this reported value because 
the bolts slid down the flanges 4 The range of applied load was always 
from a zero 1000 to. the maximum load listed ,in" the' table. The~ .. maxJlIIum~ stress 
reported is the stress on the effective bolt area determined from the 
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bolt elongations. No measurements were taken to determine the maximum 
stress of specimens F-3C 7 F-3D, F-5A, F-5B and F-5C. 
All bolted specimens failed by rupture o~ one or mDre bolts, 
except specimen F-3E. Figures 22a and 22b show the types of fatigue 
failure obtained in the bolts of some of' the specimens. It might be 
noted that all straight bolts (beveled washers under the heads) failed 
in the threads at the f'ace of the nut, while the critical section of' 
the bent bolts (F-3C and F-3D) was usually under the head of' the bolt. 
Three bolts of specimen F-3C ruptured just under the head and a close 
inspection of' Fig. 22b shows a large crack under the head of the fourth 
bolt. Specimen F-3D failed as the southeast bolt tore apart; the bolt 
never did break completely, but held together by one thread even after 
it was removed from the test sections. Figure 22b also shows a crack 
under the head of the southwest bolt of specimen F-3D. 
The bolts of' specimen F-3E never ruptured; the test was 
stopped after 2,271,600 cycles of load had been applied to the specimen. 
It did not seem necessary to carry the test any further. The behavior 
of' the specimen gave no indication of' f'ailure. It might be noted here, 
that the ratio of applied load to prestress for this specimen was 
0.52, which is below the critical value of 0055 required to cause a 
stress variation in the bolts~ 
The ratio of applied load to prestress for specimens F-4Bl and 
F-4B2 (1.2 times the elastic proof' load) was only 0.5 and again is 
below 0.55, but both of these specimens f'ailed at approximately 450,000 
cycles. However, the value of 0.55 was obtained only from specimens 
in which the prestress was between 0.1 and 0.9 of' the elastic proof' 
load and thus the 0.55 may not strictly apply outside this range of 
prestress. Another fact that must be considered is that the value 
0.55 is the ratio of' applied load at the break in the loading curve 
to the prestress and that there is no break in the loading curve at 
a prestress of 1.2 of the elastic proof' load. The fact that F-4E1 
and F-4B2 failed does indicate that the critical value f'or higher 
prestresses (over 0.9 E. P. L.) is something less than 0.55 and might 
be a function of the prestress. 
The original series of tests included only nine fatigue 
tests, but was expanded to include some duplicate tests and also to 
broaden the range of applied loads. DuJ?licate tests were run on 
those specimens in which the bolts lost a large portion of' their 
initial prestress. After studying some of the test data, it was 
thought the number of cycles to failure for specimens F-3Bl and F-4Bl 
were not in agreement, so duplicate tests were rtUl. It was found 
that the number of' cycles for specimen F-3Bl was high; the duplicate 
test of F-4Bl gave practically the same number of cycles to failure 
as F-4Bl. / 
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Specimens F-3C and F-3D were included in this series of tests 
. to determine the effect of using' :plain hardened washers under the heads 
of the bolts instead of beveled washers. The results of the tests on 
specimens F-3C and F-3D should be compared with those obtained for 
specimens F-3A and F-3B, reS]?ectively, because the spacing of' the bolts J 
the prestress load, and the applied load were the same f'or these test 
specimens. The only difference between F-3C and F-3A or F-3D and F-3B 
-was the type of washer under the head of the bolts. The results in 
Table 4 show that bending the bolts, decreased considerably the fatigue 
life of the bolts loaded in tension; the fatigue life of the bent bolts 
was approximately one-tenth of' the fatigue life of the straight bolts. 
Bending the bolts increases the maximum stress J the quantity that is 
usually considered most significant for failure in fatigue or repeated 
load tests J and thus decreases the fatigue life of the bolts. The 
eff'ect of bending the bolts is so pronounced, it can be concluded 
. that to obtain the greatest possible fatigue life of a bolt loaded 
in tension, nothing must be done to increase the maximum stress. 
In other words, beveled washers must be used under the heads and nuts 
of all bolts connecting members with sloping surfaces. 
A continuous record of the strain variation in the shank 
of the northeast bolt of specimen F-4Al was obtained with strain 
recording equipment. The envelope of strain variation for this bolt 
is shown in Fig. 23. The figure shows that after approximately 
l4, 000 cycles a change started to occur in the maximum strains. The 
southeast bolt, the bolt opposite the bolt with strain gages on a line 
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perpendicular to the web, failed at 20,900 cycles. Thus, the change 
in the maximum-strain curve seems to indicate that a crack started or 
had become large enough in the southeast bolt to throw more load to 
the northeast bolt, thereby causing an increase in the strain. For 
this particular test the change occurred at 67 percent of the fatigue 
life. Undoubtedly this value would change with the amount of prestress 
and the range of stress variation of the applied load. 
S-N curves for each value of initial prestress are shown 
in Fig. 24. The maxinrum stress on the effective bolt area, obtained 
t~om bolt elongations, is plotted against the number of cycles to 
failure. The :figure shows that as the prestress is increased the bolts 
can take increasingly larger maximum stresses or applied loads for 
the same number o:f cycles to :failure. The S-N curves are not parallel, 
but become successively flater as the prestress is increased; thus, 
as the prestress increases the fatigue life becomes more sensitive to 
changes in max:i.mum stress. The scatter obtained in these tests is 
extremely small, and might be explained by the fact that the same test 
sections were used for all of the bolted fatigue tests. The scatter 
usually present in structural tests has been reduced considerably by 
eliminating a:ny variations in the connected members and using careful 
control in preparing and prestressing the bolts. 
The marked effect of the prestress on the fatigue life of 
bolted specimens is brought out more clearly by an arithmetic plotting 
of the cycles to failure against the ratio of the prestress load to 
the elastic proof load. T'nis plot is shown in Fig. 25. The fa.tigue 
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life increases as th~ prestress is increased for the same applied 
load and, a increase in applied load decreases the fatigue life. The 
curve for an applied load of 13,300 lb. per bolt appears to be asymptotic 
at a prestress between 0.6 and 0.9 .of the elastic proof load. The 
13,300 lb. per bolt (39,900 Ib./sq. in.) is one-third of the recOlIlIIlended 
miniInum ultimate strength for the 3/4-in. diameter high-strength 
bolts. 
Figure 26 shows the relationship between the maximum stress 
corresponding to various numbers of cycles to failure and the prestress 
as it is varied between 0.1 and 1.2 times the elastic proof loado Data 
for these curves was obtained from the S-N diagrams of Fig. 24. The 
curves again show the fatigue life of the bolts decreasing as the applied 
load or cyclic stress is increased for a given prestress in the bolts. 
The curves also show the marked effect of the prestress on the fatigue 
life of the bolts. 
Empirical equations can be derived relating the fatigue life, the 
max~ applied stress, and the prestress in the bolts. It was pointed out 
previously that the tendency to lose bolt tension is more prevalent at the 
lower prestresses. Therefore the equations have been derived to cover only 
the range of prestress from 50,000 to 101,000 Ib./sq. in. on the effective 
bolt area.. This range of stress is equivalent to approximately 0.6 to 1.2 
of the elastic :proof load. Two equations have been derived to fit the curves 
of Fig. 26. The first equation is, 
It (') tititi 
-r;;,vvv 
(J •. -50 ,000 l ( ID.ll1 ) 
\ 70 ,000.'J 
where rr = Maximum cyclic stress that can be applied to the 
max 
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effective bolt area to produce the desired fatigue 
life, lb .. /sq. in .. 
Ci. = Initial prestress on effective bolt area, lb./sq. ino 
IIlJ.ll 
n = Cycles to failure at Cim,ax 0 
The above equation fits the curves for 500,000 and. 1,000,000 
~cles to within + 1 percento The equation given below was derived to 
fit the 50,000 and 100,000 cycle curves .. 
(1,000,000)°0108 [ cr • -50,000 J rrmax = 54,000 n + 33,000 sin 900 (~,OOO ) Eq .. (3) 
~e maximum variation between equation (3) and the 50,000 and 100,000 cycle 
curves is ~ 2 percento 
The empirical equations are in a form that is particularly 
suitable to use with a slide-ruleo The first term of either equation 
is reduced to a constant when the desired fatigue life is choseno After 
the prestress in the bolts is known the maximum stress that can be 
a:pplied to the bolts to produce the desired .fatigue life can now be 
calculated from the equations .. 
Three riveted specimens, of the exact same dimensions as the 
bolted tests were added to the program for comparison purposes 0 Figure 
27 shows the nature of the rivet failures in fatigue 0 All rivets failed 
on a section just under the heads 0 Figure 28 shows how well the rivets 
filled the rivet holes .. 
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A paper by Wilbur M. Wilson and Frank P. Thomas (9) has shown 
that the stress in the rivets, after driving, is near the yield point 
stress of' the material. A stress of 33,000 lb./sq. in. on the rivet 
hole area gives a prestress in the rivets of approximately 17,000 lb. 
This is the same prestress as was used for the specimens of' series F-2. 
The load applied to the specimens of series F-2 and the riveted 
specimens was not the same f'or a:ny of the tests, making it difficult to 
make a direct comparison. However, the fatigue life of specimen F-5C 
( riveted) was II 7 , 700 cycles for an external load of 60,000 lb., while 
the :fatigue life of F-2B (bolted) was 127,600 cycles for a load of 
68,000 lb. Thus, it would be expected that if'the riveted specimen, 
F-5C, had been loaded to 68,000 lb. the fatigue life would have been 
smaller than that of the bolted member. 
Specimens F-5A and F-5B had the same applied loads, but there 
was a considerable difference in their fatigue livese Part, if not all, 
of the scatter resulted from poor alignment of the holes in the flange 
of the two T-sections o.f specimen F-5A. This poor alignment caused 
an eccentric load to be applied to the connectiono 
A comparison of the fatigue lives of specimen F-5A and F-5B 
and specimens F-2Cl and F-2C2 can be made if some consideration is 
given to the difference in applied load of each series. If the loss 
in bolt tension in specimens F-2Cl and F-2C2 is assumed to be equal 
to the loss obtained in specimen F-2B, the maximum stress in the 
bolts of F-2C (see Fig. 20) at an applied load of 11,750 lb. per bolt 
would be approximately 52,500 Ib.jsqa in. This stress would correspond 
34. 
to a fatigue life of approximately 1,000,000 cycles as shown in Fig. 240 
Thus the bolted specimen might be expected to have a somewhat longer 
fatigue life than the average fatigue life, 676,000 cycles, of specimens 
F-5A and F-5Bo 
If we assume 17,000 Ib 0 to be the limiting value of prestress 
that can be developed in the rivets, the total applied load would have 
to be reduced to a value considerably below 46,900 lbo to obtain a fatigue 
life of 2,000,000 cycles or moreo However, at least 2,000,000 c,rcles 
can be expected if high-strength bolts are used and stressed to 009 of 
the elastic proof 1000 when the applied load. is 13,300 lb 0 per bolt, or 
53 ,000 lb 0 total load. 0 
The above comparisons show that high-strength bolts are capable 
of developing a greater fatigue resistance than rivets when the fasteners 
are required to resist 'a direct tension. It is much easier to control 
the prestress in the bolts than in the rivets and, using high-strength 
bolts enables one to increase the prestress in the fasteners in a 
bolted connection beyond that in a riveted connection 0 However, if 
full advantage is to be taken of this higher prestress in the bolts, 
care must be taken to insure that the bolts do not slide down the 
flanges when load is applied to the connectiono 
35· 
v. SuInma.ry of Results and Conclusions 
The results of the tests reported herein may be summarized 
as follows: 
le The ultimate static load carried by the specimens was 
independent of the prestress in the boltso 
2. Sma] J changes in the spacing of the bolts in a direction 
parallel to web had no appreciable effect on the ultimate strength. 
3. The use of plain hardened washers under the heads of the 
bolts, instead of hardened beveled washers does not change the ultimate 
static strength of the connection to any great extent. 
4. In general, the total load in the bolts at failure was 
greater than the applied load because of the prying action of the 
flanges. As long as the flanges are in contact, the sum of the four 
bolt loads will always be greater than the applied load because of the 
prying action. 
5 • The bolted specimens were able to carry approxiIIlately 
30 percent more load than the riveted specimen in spite of the prying 
action of the flangeso If the actual bolt loads are considered, the 
ratio of the bolt strength to rivet strength would approach 2 at rupture. 
6. The applied load required to cause a change in the bolt 
tensions varied with the prestress in the bolts. For these particular 
specilnens, the bolts started to pick up additional load at an apI'lied 
load equal to approximately 55 percent of the initial prestress c 
7. The fatigue life of the high-strength bolts, when plain 
hardened washers were used under the bolt heads instead of beveled 
washers, was approximately one -tenth the fat igue life of the straight 
bolts with beveled washers under the heads. The bending in the bolts 
increased the maximum stress and thus decreased the fatigue life of the 
bolts. Consequently, to obtain the greatest possible fatigue life in 
a bolt loaded in tension, beveled washers must be used under the heads 
and nuts of the bolts connecting members with sloping s~aces. 
8. The fatigue life of the bolts increased as the prestress 
was increased. Bolts prestressed to 0.9 of the elastic proof load 
and subjected to an applied load equal to one-third the specified 
minimum ultimate stre~oth (0.47 E. P. L.) did not fail at 2,271,600 
cycles. 
9. For a prestress equal to 0.9 of the elastic proof load, 
the fatigue life of the bolts (with beveled washers) decreased as the 
applied load was increased beyond approximately 55 percent of the 
initial prestress. If the load was maintained below this level, there 
was, in general, no stress variation, and thus an infinite fatigue 
life 0 
10. The fatigue life of the high-strength bolts in the T-
sections used in these tests was approximately twice that of the rivets 
for what appeared to be similar conditions. 
VIo Recommendations for Future study 
Although many questions have been answered by these few tests, 
it would seem desirable to pursue further the studies concerning the 
behavior of high-strength bolts loaded in tension. The future studies 
might well give consideration to the following questions~ 
(a) How does the relative stiffness of the connected members 
and the bolts effect the bolts when they are subjected to static or 
repeated loads? 
(b) How does the behavior of a bolt loaded in pure axial 
. tension differ from that of bolts resisting combined bending and axial 
load? 
(c) How does a bolt behave under different combinations of 
shear and tension forces? 
(d) \mat is the relationship between the applied load causing 
an increase in the bolt stress and the initial prestress at various 
levels of prestress? 
(e) Is brittle fracture possible in the bolts at the 
recommended high prestresses? 
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Heat Noo 
TABLE 1 
CHEMICAL COMPOSITION FROM MnL ANALYSIS OF 
24ft I 100 MATERIAL 
Chemical Composition, Percent 
C 
0·37 OoOll 0 .. 042 
TABLE 2 
MECHANICAL PROPERTIES OF HIGH-STRENGTH 
BOLT MATERIAL 
Full Size Bolt Tests 
Coupon No. Permanent Ultimate 
40 .. 
Set, Inches* Load., Lb 0 ** 
1 0,,00006 46,700 
2 0~00038 47,100 
3 0000017 46,800 
4 0000013 46,750 
Ave. 0,,00019 46,840 
* A£ter loading to 28,400 Ibo 
** 0 A£ter a 10 wedge was placed under the head of the bolto 
STANDARD 0.505-ino COUPONS 
Coupon Elongation Reduction E Ultimate Yield 
No. in 2-in., in Area, ksi Strength Strength 
percent percent psi (02'/0 o:f:fset) 
l>si 
5 1600 48 .. 5 28,600 132,000' 1l0,800 
6 16.6 50,,5 27,000 132,600 113,100 
7 17,,7 61.0 28,500 124,000 102,000 
8 1601 6100 27,500 119,000 101,000 
Ave. 16.6 5502 27,975 126,900 106,700 
41. 
TABLE 3 
SUMMARY OF RESULTS OF STATIC TESTS 
Specimen Beveled Washer Prestress Fastener Spacing Ult:ima.te 
Noo Under Bolt Head* Per Bolt, Parallel to Web , Load 
. Kips ino 100 
S-l Yes 2 .. 8 5 1/2 157,300 
8-2 Yes 25.6 5 1/2 154,200 
8-3 Yes 2506 4 1/4 152,700 
s-4 No 2506 5 1/2 163,800 
S-4B No 2506 5 1/2 169,300 
S-5 Riveted 5 1/2 120,100 
* Beveled washer under nut on all 001 ts, no washers under rivet heads 0 
42. 
TABLE 4 
SUMMARY OF RFSULTS OF FATIGUE TESTS 
Specimen Beveled Washer Prestress Total Applied Cycles to Maximum 
Noo Under Bolt Head* Per bolts, Load, Failure Stress, 
kips kips psi 
F-lA Yes 208 6800 9,700 42,500 
F-lB Yes 208 5300 13,400 39,600 
F-2Al Yes 1700 10204 1,040 82,300 
F-2A2 Yes 1700 10204 5,400 94,900 
F-2B Yes 1700 6800 127,600 65,000 
F-2C1 Yes 1700 5300 189.9100 64,300 
F-2C2 Yes 1700 5300 490,000 58,600 
F-3A Yes 25.6 10204 10,800 102,600 
F-3Bl Yes 2506 6800 3897400 88,200 
F-3B2 Yes 2506 6800 115,600 90,400 
F-3B3 Yes 2506 6800 188,900 89,500 
F-3C No 2506 10204 1,950 
F-3D No 2506 68,,0 13,500 
F-3E Yes 2506 5300 +2,271,600** 82,700 
F-4Al Yes 3400 10204 20,900 108,300 
F-4A2 Yes 3400 102.4 24:;200 106,000 
F-4B1 Yes 3400 6800 434,600 101,300 
F-4B2 Yes 3400i 6800 471,100 102,600 
F-5A Riveted 4609 230,600 
F-5B Riveted 4609 1,121,200 
F-5C Riveted 6000 117,700 
*Beveled washer under nut on all bolts, no washers under rivet headso 
**Specimen did not fail .. 
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